IOP, other factors (such as dysfunction of ocular bloodflow regulation with local ischemia-hypoxia, 4, 5 excessive stimulation of the glutamatergic system, 6 and aberrations in immunity 7 ) can contribute to death of retinal ganglion cells.
Currently, treatments for patients with glaucoma focus on decreasing IOP by medical and surgical methods. 8 In addition to standard medical agents, such as prostaglandin analogues, carbonic anhydrase inhibitors, α 2 -receptor agonists, β blockers, and cholinergic agonists, use of calcium-channel blockers has also been proposed 9 for the treatment of patients with glaucoma. Calcium-channel blockers are not generally recommended as a therapeutic approach for humans with glaucoma because there is a lack of consensus regarding long-term clinical outcome from randomized placebocontrolled studies.
Ocular effects of various calcium-channel blockers have been studied in selected species, such as rats, 10, 11 rabbits, [12] [13] [14] [15] [16] [17] [18] [19] [20] cats, 21 dogs, 22 monkeys, 12,23,a,b and humans. 9, 19, 24 In addition to their direct neuroprotective effects on retinal ganglion cells, 11, 25 calcium-channel blockers can also increase ocular blood flow 12, [20] [21] [22] 25, 26 and help to prevent retinal ischemia. 10, 17 Calcium-channel blockers can increase 15 or decrease IOP. 16, 18, 23 In a number of reports, 14,17,23,a,b investigators indicated that topical application of the calcium-channel blocker flunarizine, a difluorinated piperazine derivative, lowers the IOP in clinically normal monkeys and rabbits. The objective of the study reported here was to evaluate the effect of topically applied flunarizine on the IOP of clinically normal dogs.
Materials and Methods
Animals-Twenty healthy mixed-breed dogs (12 males and 8 females; mean ± SD age, 60.5 ± 25.6 months; mean body weight, 13.9 ± 3.3 kg) were used for the study. It was determined that these dogs had normal eyes on the basis of an ocular examination that included evaluation by use of slit-lamp biomicroscopy, binocular indirect ophthalmoscopy, Schirmer tear testing, fluorescein staining, and tonometry. All procedures were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania and were performed in accordance with the Association for Research in Vision and Ophthalmology statement for the Use of Animals in Ophthalmic and Vision Research.
Study design-Two consecutive days of baseline diurnal IOP measurements (baseline days 1 and 2) were used to familiarize the dogs with the techniques for data collection and to determine the typical diurnal IOP variations. This was followed by 5 days of topical treatment with flunarizine in 1 eye of each dog.
On each day of the study, tonometry was performed at the same 10 times (8, 8:30, 9, 9:30, and 10 am and 12, 2, 4, 6, and 8 pm). The same investigator (ALG) performed all IOP measurements; a rebound tonometer c was used. The same instrument was used consistently throughout the baseline and treatment periods; it was calibrated and used in accordance with the manufacturer' s recommendations. Dogs were gently and manually restrained without the use of sedatives; data collection was performed in the same quiet and familiar environment with the assistance of the same dog handlers. Topical anesthesia was not used. Because IOP can be affected by repeated pressure measurements, the first IOP reading (mean of 6 separate values) with < 5% error was used and recorded.
On the first treatment day, a coin toss was used to determine which eye of the first dog would receive flunarizine treatment. The contralateral eye served as the control eye. The treated and control eyes were then alternated in each subsequent dog so that an equal number of left and right eyes received flunarizine treatment.
Flunarizine dihydrochloride is a highly lipophilic drug and thus is difficult to dissolve in water. To limit variables associated with drug bioavailability, flunarizine d was dissolved in 50% polyethylene glycol (pH, 4.0), similar to the procedure used in other studies, 17,a,b to obtain a 0.5% solution. The resulting solution had a pH of 1.8. Buffering of the solution to a pH > 2.1 resulted in drug precipitation. Therefore, despite the low pH, the unbuffered 0.5% flunarizine solution was used.
The application of l drop (50 µL) of 0.5% flunarizine immediately followed the IOP measurements obtained at 8 am and 2 pm on each day of the 5-day treatment period. One drop of vehicle (50% polyethylene glycol) was administered to the contralateral control eye at the same time that the flunarizine was administered to the treated eye.
Measurement of other clinical variables-Pupillary diameter was measured along the horizontal pupillary axis of each eye. After a 2-minute adaptation period at preset ambient light conditions (0.001 mW/cm 2 ), a Jameson caliper was used to measure pupillary diameter. Measurements were obtained at 5 pm on baseline day 2 and also on day 5 of treatment.
The MAP was measured indirectly e in the right hind limb by the same investigator (ALG) and assistants at 4 pm on baseline day 2 and also on treatment day 5. Three sequential MAP measurements were obtained, and the mean value for the measurements was calculated and recorded for each dog on each of those 2 days.
A complete ophthalmic examination was performed within 1 hour after the 2 pm treatment was administered on days 1 and 5. A modification of the Hackett and MacDonald scoring system 27 was used to compare the ocular irritative response (ocular discharge, conjunctival hyperemia and swelling, corneal cloudiness and uptake of fluorescein stain, iris injection, and aqueous flare) between treatment and control eyes.
Determination of serum flunarizine concentrations-Blood samples were collected from each dog within 27 to 33 minutes after the 2 pm treatment was administered on the last treatment day. Samples were collected via jugular venipuncture and allowed to clot. Once clotted, samples were immediately centrifuged, and the serum was harvested and stored at -80 o C until analysis. Each serum sample was mixed with 2 volumes of acetonitrile and filtered through a 0.22-µm nylon filter f to remove protein precipitate. The clear filtrate was used for analysis and injected into a liquid chromatography-mass spectrometry system. g The concentration of drug in serum was measured by use of a calibration curve prepared by spiking control serum with known amounts of flunarizine.
Data analysis-Data analyses were performed by use of a software program. Significance was set at values of P ≤ 0.05. Interday and intraday IOP fluctuations during the 2 baseline days were assessed by use of a repeated-measures ANOVA. Sources of variation considered in the model were time, day, time-by-day interaction, animal, and random measurement error. Time, day, and the time-by-day interaction were considered fixed effects. Random effects were attributed to variation for each animal and random error for each observation.
To evaluate the effect of topical application of flunarizine on IOP of treated and untreated eyes, we calculated the change in IOP from the value on baseline day 2, given that the difference in IOP between baseline days 1 and 2 could have resulted from the dogs' adjustment to the protocol. We tested whether the change in IOP from the value for baseline day 2 was significantly different from 0 on each treatment day for treated and untreated eyes. We also compared the change in IOP between treated and untreated eyes and among days of treatment. These comparisons were made by use of generalized estimating equations that accounted for the correlations from repeated measures and correlations from paired eyes, which were executed for a generalized linear model.
h Additionally, we assessed the association between serum concentrations of flunarizine (as a continuous variable) and the change in IOP in treated and untreated eyes by use of a generalized linear regression analysis; we also compared these variables by use of a flunarizine concentration adjusted on the basis of body weight (high vs low body weight), in which the median was used as a cutoff point because of the skewed distribution.
The effect of flunarizine on MAP and pupillary diameter was evaluated. A paired t test was used to compare values obtained before and after treatment.
Results
IOPs during the baseline period-A significant (P < 0.001) intraday fluctuation in IOP was detected, which was highest in the morning and gradually decreased in linear fashion throughout the course of each day ( Figure 1 ; Table 1 ). The mean ± SE IOP value for each entire day was significantly (P = 0.02) lower for baseline day 2 (14.1 ± 0.54 mm Hg), compared with the value for baseline day 1 (15.0 ± 0.6 mm Hg). Results for baseline day 2 were used in subsequent statistical comparisons because it was likely that the dogs were better adjusted to the manipulations by the second day of baseline data collection.
IOPs during topical treatment with flunarizineDuring days 1 and 2 of treatment, IOP did not differ significantly from baseline values for both the treated and untreated eyes (Table 2) . Starting on treatment day 3 and continuing on days 4 and 5 of flunarizine administration, there was a significant decrease in IOP from baseline values in both treated and untreated eyes. These results were confirmed when results for all 5 treatment days were combined. Changes in IOP differed significantly from baseline values only on days 3, 4, and 5 for both untreated (P = 0.005) and treated (P = 0.009) eyes and were significantly different from the change in IOP from baseline values on treatment days 1 and 2 for both untreated (P = 0.01) and treated (P = 0.008) eyes (Figure 2) . Throughout the entire treatment period, the IOP did not differ significantly (P = 0.86) between treated and untreated eyes.
The largest decreases in mean IOP of up to 2.6 mm Hg were during the 1-hour period after the 8 am drug application. This was especially true for treated eyes in which the mean IOP on treatment days 2 through 5 became consistently smaller from 8 am to 8:30 am ( Figure  2 ). After the 2 pm flunarizine treatment, the IOP was not measured for 2 hours, and no obvious short-term decrease in IOP could be detected. *Values did not differ significantly (P  0.05) between untreated and treated eyes on any day of treatment. †Values did not differ significantly (P = 0.09) among treatment days 1 to 5. ‡Results of statistical tests to determine whether the change of IOP for each treatment day or group of treatment days was equal to 0; values were considered significant at P  0.05. §Values differ significantly (P = 0.02) among treatment days 1 to 5. llValue differs significantly (P = 0.01) from the value for days 1 and 2. ¶Value differs significantly (P = 0.008) from the value for days 1 and 2. Mean ± SE MAP was 125.1 ± 2.7 mm Hg for all dogs during the baseline period. The MAP did not change significantly (P = 0.71) after the last dose of flunarizine on the final day of treatment (123.4 ± 3.7 mm Hg).
Other clinical variables-Mean
Transient and mild conjunctival hyperemia was evident in the treated eyes of 4 of the 20 dogs after the first treatment time point of the study. Hyperemia resolved within 30 minutes. No other ocular abnormalities were detected in any dogs throughout the duration of the study.
Serum flunarizine concentrations-Flunarizine
concentrations were detected in all serum samples obtained 30 minutes after the last treatment (performed at 2 pm on day 5). Serum concentrations ranged from 0.30 to 20.82 µg/L (median, 0.97 µg/L; mean ± SD, 3.89 ± 6.36 µg/L). Change in IOP from baseline values was not significantly associated with the weight-adjusted serum concentrations of flunarizine.
Discussion
In the study reported here, a significant bilateral decrease in IOP in clinically normal dogs was evident after 2 days of twice-daily unilateral treatment with topically applied 0.5% flunarizine solution. Topical application of flunarizine decreases IOP in rats, 17 rabbits, 13, 14, 17 and monkeys. 23,b In our study, the IOP-decreasing effect of topically administered flunarizine became noticeable on treatment day 3 and persisted for the remainder of the study. The treatment effect was most dramatic during the 1-hour time interval immediately after the 8 am drug application, especially in treated eyes, with mean IOP decreases of up to 2.6 mm Hg (Figure 2) . The decrease in IOP was less obvious after the 2 pm flunarizine application. We suspect that a larger decrease in IOP during the afternoon was missed because IOP measurements were not performed every 30 minutes as they were in the morning.
Studies 13, 14 in albino rabbits also revealed a maximal decrease in IOP of 2 to 3 mm Hg by 1 hour after a single topical application of flunarizine. In those studies, IOP returned to baseline values within 4 hours after treatment. In contrast to the results in rabbits, there was no significant decrease in IOP after the first application of flunarizine in the dogs of our study.
Our results are more consistent with results obtained for clinically normal monkeys b in which a decrease in IOP was not detected with twice-daily topical application of 0.5% flunarizine until the third day of treatment. In glaucomatous monkeys, a a dose-dependent decrease in IOP was detected after topical application of flunarizine (0.5% to 2%). The ocular hypotensive effect was enhanced with twice-daily administration of 0.5% flunarizine for 5 days. a In those glaucomatous monkeys, the maximum mean reduction in IOP increased from 2.5 mm Hg on day 1 to 6 mm Hg on day 5 of treatment. In glaucomatous eyes of rabbits, a mean maximum IOP decrease of 12 mm Hg was detected with a 1-time topical application of flunarizine. 14 It is likely that flunarizine could also lead to a much larger decrease in IOP in glaucomatous eyes of dogs, compared with the effect in the normotensive eyes tested in the study reported here.
A 2-day baseline period allowed us to compare the effect of flunarizine on IOP against established typical diurnal IOPs. There was a significant difference in IOP between baseline days 1 and 2. This difference was probably attributable to the process of establishing a uniform operating protocol and organization and allowing for the dogs' adjustments to manipulation. Therefore, values for baseline day 2 were chosen for comparison with treatment values. A rebound tonometer was used to measure the IOPs in our study. The accuracy and validity of this instrument have been reported 28, 29 for determining IOP in dogs.
Intraday fluctuation of IOP with highest values in the morning that decrease throughout the day is consistent with diurnal IOP changes for dogs that have been reported elsewhere. [30] [31] [32] When averaged for baseline days 1 and 2, the highest mean IOP was measured at 9 am (15.8 mm Hg) and it decreased by 2.9 mm Hg to the lowest value at 8 pm (12.9 mm Hg). This decrease in IOP was comparable to the 2.5 mm Hg decrease reported 30 in glaucomatous eyes of Beagles. Throughout the study, there were no significant differences in IOP between treated and untreated eyes, which suggested a systemic effect of flunarizine on the untreated eye in addition to the local effect on the treated eye. A decrease in the IOP of the untreated contralateral eye has also been reported in rabbits, 18 monkeys, 23 ,a and human patients 33 treated topically with calcium-channel blockers, including flunarizine. Similar to findings in a study 13 in rabbits, a systemic effect was supported in our dogs by the detection of flunarizine in all serum samples obtained 30 minutes after the last drug application. Overall, serum concentrations were variable among the dogs in the study, but there was no significant correlation between these drug concentrations and the IOP decrease in a particular dog. However, without knowledge about flunarizine pharmacokinetics in dogs after topical application, the lack of such a correlation between serum concentrations at an arbitrary time point and the extent of IOP reduction does not rule out a systemic effect.
In 1 study, 13 investigators measured flunarizine concentrations in ocular tissue compartments and plasma concentrations in albino rabbits following topical application and found that plasma flunarizine concentrations were highest 15 minutes after instillation and were still detectable at 30 minutes but were not detectable beyond 60 minutes. No correlations were made between serum concentrations and IOP-decreasing effects in that study. 13 After a single topical application of 0.05% flunarizine, investigators were able to detect the drug at 15 minutes (first time point) in the cornea and at 30 minutes (second time point) in the aqueous humor, uveal tract, and retina. 13 Although we believe that the bilateral decrease in mean IOP was most likely caused by the unilateral topical application of flunarizine, other possibilities must be considered. The decrease in IOP from baseline day 1 to baseline day 2 could have continued during the treatment period because the dogs were continuing to become more adjusted to the experimental procedures. Continued tonometry during a washout period of several days would have helped to rule out such a continued learning effect, assuming the IOPs returned to baseline values after discontinuation of treatment. Although we cannot rule out such a learning effect on the basis of the available data, it seems unlikely that it could explain the more acute decrease in IOP after the 8 am flunarizine applications.
Another possible explanation for the bilateral IOP decrease could have been an ocular hypotensive effect of the polyethylene glycol vehicle. We believe that this was unlikely because there are no reports for such an effect in the literature. Polyethylene glycol has been used by others to compound drugs for topical application and for evaluation of ocular hypotensive effects. 34 Unfortunately, we did not have a control group of dogs treated with the polyethylene glycol vehicle alone to evaluate its effect on IOP.
Both polyethylene glycol and flunarizine could have decreased the IOP by causing mild subclinical anterior uveitis. This would be similar to results for prostaglandin analogues or the parasympathomimetic pilocarpine with ocular hypotensive effects associated with clinical signs of anterior uveitis in dogs. 35, 36 Despite the lack of miosis and aqueous flare, we could not rule out anterior uveitis in the dogs of our study.
Flunarizine is a mixed L-and T-type calcium-channel blocker 37 with additional antagonistic effects on sodium channels 38 and mixed agonist-antagonist action on opioid receptors. 14, 39 Several mechanisms have been discussed for the IOP-decreasing effect of calciumchannel blockers, including a decrease in production of aqueous humor by inhibition of calcium-dependent cation transport in the nonpigmented ciliary epithelium 40 and an increase in outflow facilitated by relaxation of trabecular meshwork cells. 41-43,b Although the pH of the drug solution was low (pH, 1.8), application of the drug resulted in only 4 of 20 dogs having signs of mild and transient conjunctival hyperemia in the treated eyes that lasted for < 30 minutes and did not recur with subsequent treatments. No other clinical signs of ocular irritation were detected during the study in any of the dogs, and no evidence of inflammation in the anterior segment was evident during slit-lamp biomicroscopy. Similar concentrations of flunarizine dissolved in polyethylene glycol have been evaluated, but investigators did not report the final pH of the drug. 17 ,a,b In 1 study, a investigators found that monkeys subjected to topical administration of a 2% preparation of flunarizine solution had signs of mild blepharoconjunctivitis and infrequent corneal edema. Because these same authors a,b detected a significant reduction in IOP with minimal adverse effects in monkeys with the use of a 0.5% solution of flunarizine, we chose the same drug concentration. We have not noticed any adverse systemic effects in the clinically normal dogs used in our study. Even though unlikely, it is not clear whether the effect of the low-pH solution was partially responsible for small changes in IOP. In a study 36 on the effect of topically applied pilocarpine on the IOP in dogs, investigators reported that solutions with a low pH led to a brief increase in IOP (rather than a decrease in IOP) during the first hour after drug instillation. One goal of future studies should be to improve the formulation of flunarizine for topical application to make it less irritating.
Analysis of results of the study reported here suggested a bilateral ocular hypotensive effect of unilateral topical administration of 0.5% flunarizine after 2 days of twice-daily application in clinically normal dogs. This calcium-channel blocker should also be evaluated for its IOP-decreasing and neuroprotective effects in dogs with glaucoma. 10 
